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Abstract
Primary ﬁxation is never perfectly stable, but is frequently interrupted by slow drifts, microsaccades and saccadic intrusions (SI).
SI are involuntary, conjugate movements which take the form of an initial fast movement away from the desired eye position and
followed after a short duration, by either a return secondary saccade or a drift. The purpose of this study was to examine the prev-
alence and metrics of SI in a population of 50 healthy subjects. Using both one and two dimensional recordings we ﬁnd that all 50
members of the subject group exhibited SI. The SI were bilateral, conjugate and horizontal. No purely vertical SI were detected
when examined in three subjects. SI amplitude mean and range was 0.6±0.5, 0.1–4.1; SI frequency mean and range was
18.0±14.3 per min, 1.0–54.8 per min; SI duration mean and range was 225±150, 20–870 ms. The mean SI amplitude and frequency
when SI<0.5 were removed was 0.97±0.56 and 7.0±11.4 per min respectively. Age was positively correlated with SI amplitude
(p<0.01), but there was no correlation between age and SI frequency. Three of four types of SI monophasic square wave intrusions
(MSWI), biphasic square wave intrusions (BSWI) and double saccadic pulses (DSP) were found to be exclusively saccadic, whilst the
fourth type, the single saccadic pulses (SSP), were conﬁrmed to exhibit a slow secondary component. MSWI were the most fre-
quently observed SI occurring in 47 out of 50 (94%) of the subjects with a mean amplitude, frequency and duration of
0.7±0.5, 11.5±11.6 per min, and 255±147 ms respectively. Mean amplitudes and frequencies for BSWI (n=20), SSP (n=11)
and DSP (n=34) were found to be 0.50±0.2, 1.2±2.5 per min; 0.40±0.20, 0.4±1.0 per min and 0.3±0.4, 5.0±8.7 per min
respectively. No diﬀerences in MSWI characteristics were found between binocular and monocular viewing. Possible explanations
for SI occurrence include experimental viewing conditions, subject fatigue and covert shifts in attention.
 2004 Elsevier Ltd. All rights reserved.
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During periods of ﬁxation our eyes are never per-
fectly stable but display small involuntary physiological
eye movements (Carpenter, 1988; Ditchburn, 1973).
These take the form of disconjugate slow drifts (1–3 0/
0.05), small conjugate microsaccades (5–10 0/0.17,
1–2 per second) and disconjugate tremors (1500/0.004;
30–80 Hz) superimposed on the slow drifts (Ditchburn
& Ginsborg, 1953; Ratliﬀ & Riggs, 1950; Steinman,0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
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E-mail address: r.abadi@umist.ac.uk (R.V. Abadi).Haddad, Skavenski, & Wyman, 1973). A further class
of involuntary physiological eye movement has also
been described; saccadic intrusions (SI). They are conju-
gate, horizontal saccadic movements which tend to be
3–4 times larger than the physiological microsaccades
and take the form of an initial fast eye movement away
from the desired eye position, followed, after a variable
duration, by either a return saccade or a drift (Abadi,
Clement, & Gowen, 2003).
Physiological SI have been recently classiﬁed accord-
ing to their waveform and fall into one of four types: (i)
square wave jerks or monophasic square wave intrusions
(MSWI); (ii) biphasic square wave intrusions (BSWI);
(iii) single saccadic pulses (SSP) and (iv) double saccadic
2676 R.V. Abadi, E. Gowen / Vision Research 44 (2004) 2675–2690pulses (DSP). The MSWI, BSWI and DSP are entirely
saccadic whilst the SSP has a slow return component
(Abadi et al., 2003). SI have also been reported in a
range of neurological disorders (Clementz, Sweeney,
Hirt, & Haas, 1990; Doslak, DellOsso, & Daroﬀ,
1983; Fletcher & Sharpe, 1988; Rascol et al., 1991;
Sharpe, Herishanu, & White, 1982; Spieker et al.,
1995; Troost & Daroﬀ, 1977; Weinreb, 1983; White,
Saint-Cyr, Tomlinson, & Sharpe, 1983; Zee, Yee, Co-
gan, Robinson, & Engel, 1976) but the present study
exclusively examines those SI that occur in healthy hu-
man subjects.
Over the years there have been a number of descrip-
tions of MSWI (Abadi, Scallan, & Clement, 2000; Del-
lOsso & Daroﬀ, 1999; Jung & Kornhuber, 1964; Ohm,
1935). Prevalence of MSWI has been estimated at 16%
in young subjects and 29.4% in older subjects by Herish-
anu and Sharpe (1981) and between 20% and 60% by
Shallo-Hoﬀmann, Petersen, and Mu¨hlendyck (1989).
In essence MSWI consist of three components. First, a
small amplitude primary saccade away from the in-
tended eye position, then a short period when the eye
is at rest (duration) and ﬁnally a secondary saccade back
to the initial position. Typically, the ranges of ampli-
tude, frequency and duration of MSWI are 0.3–1.5,
1–27/min and 210–295 ms respectively (Herishanu &
Sharpe, 1981; Ohtsuka, Mukono, Ukai, & Ishikawa,
1986; Shallo-Hoﬀmann et al., 1989, 1990).
To date, all previous reports on SI have exclusively
described only MSWI and did not mention BSWI,
SSP and DSP. That is, SI and MSWI were considered
synonymous. Moreover, these studies were invariably
limited by the resolution of the recording systems and
subject numbers. It is the purpose of this study to greatly
extend these investigations using a large normal subject
sample (n=50) and two dimensional, high resolution
eye movement recordings. In particular we will exam-
ine the prevalence of SI, the plane of the SI oscillation
and its metrics. We will also separately characterise each
of the four SI types and describe the nature of the SI
directional bias and the variability of the intrusions. Is-
sues relating to SI prevalence and metrics, subject age
and attention will also be addressed in order to assist
in diﬀerentiating physiological SI from a pathological
SI.2. Methods
2.1. Subjects
Fifty normal control subjects were randomly chosen
to examine binocular ﬁxation stability in the primary
position. Age range, mean, standard deviation and
mode were 19–78 years, 41.6±18.0 years and 21 years
respectively. None of the subjects had any previous orcurrent history of ocular disease and none were taking
medication. Corrected visual acuity was 0.2 LogMAR
(i.e. 6/9) or better, in either eye and stereo acuity
(TNO) was 612000. Eleven of the 50 subjects were then
examined to collect data on metrics during binocular
and monocular viewing. Informed consent was obtained
according to the Declaration of Helsinki.
2.2. Eye movement recording
Eye movements were recorded with two separate
recording systems. Horizontal eye movements were re-
corded using an IRIS 6500 infrared limbal tracker (Ska-
lar Medical, Delft, The Netherlands). The analogue
output was ﬁltered through a passive 100 Hz low pass
ﬁlter, digitised to 12-bit resolution and then sampled
at intervals of 5 ms (200 Hz). The system was linear to
±20 and had a resolution of better than 5 0. Each sub-
jects head was restrained using chin and cheek rests.
Head movements were calculated to be less than 6 0 in
amplitude.
Simultaneous two dimensional (i.e. horizontal and
vertical) recordings of both right and left eyes were
made with the Chronos head mounted video-based eye
tracker (Skalar Medical, Delft, The Netherlands). The
head and chin were restrained using clamps and sup-
ports. Algorithms for the calculation of eye position
were based on the determination of the centre of the pu-
pil. The digital output was sampled at intervals of 5 ms
(200 Hz). The system was linear in the horizontal and
vertical plane up to ±20 and had a resolution >5 0. Sys-
tem noise has been measured to be 0.11 for the horizon-
tal plane and 0.09 for the vertical plane (Clarke,
Ditterich, Druen, Schonfeld, & Steineke, 2002).
2.3. Procedures
2.3.1. One dimensional recordings of ﬁxation behaviour
Subjects were seated 114 cm from a screen that sub-
tended a ﬁeld of 105 (horizontally)·41 (vertically).
Screen luminance was 0.01 cd/m2. The back projected
‘‘bulls eye’’ target consisted of two illuminated concen-
tric circles containing an inner (0.3) and outer (3.0)
cross. Target luminance was 0.04 cd/m2, giving a con-
trast of 75%. Ambient illumination was mesopic. Cali-
bration was carried out with a target moving
sinusoidally at 0.32 Hz over a horizontal range of ±10.
2.3.2. Two dimensional recordings of ﬁxation behaviour
Subjects were seated 165 cm from a screen that sub-
tended 83 (horizontally)·64 (vertically). The ﬁxation
target was in the form of a diamond with cross wires
that subtended 1 and subjects were instructed to direct
their eyes at the centre of the diamond where the cross
wires intersected. Testing was carried out in a near dark-
ened room. Calibration was performed with the use of a
R.V. Abadi, E. Gowen / Vision Research 44 (2004) 2675–2690 2677rectangular grid consisting of nine identical targets, with
the same appearance as the ﬁxation target. These targets
were displaced 5 apart. Subjects were required to ﬁx on
each of the targets twice, returning to the centre target
following each ﬁxation. In this way, eight separate cali-
bration measurements for the horizontal and vertical
plane were obtained. Following calibration, subjects
were instructed to ﬁxate the centre of the target and to
keep their eyes as still as possible. Horizontal and verti-
cal eye movements were recorded binocularly and simul-
taneously over two separate one-minute sessions.
Calibrations were carried out prior to each separate
recording session.2.3.3. The ﬁxation tasks
Fifty subjects were required to binocularly ﬁxate the
centre of a stationary bulls eye target in primary posi-
tion for 2·50 second recording periods using the Iris
limbal tracker. Eleven subjects were then required to
perform additional 3·50-second sets of primary ﬁxation
under both binocular and monocular viewing condi-
tions. The three sets were randomly presented and com-
prised binocular, right eye and left eye viewing with
target. Each subject performed at least two sets of the
above with further sets being conducted on subjects
who exhibited a small number of SI. Trials were per-
formed randomly during diﬀerent visits. The subjects
were instructed to keep their eyes as still as possible
whilst looking at the centre of the inner cross. Three
subjects performed additional binocular viewing tasks
using the Chronos video-based tracker.2.3.4. Data analysis
SI were detected and analysed using modiﬁed soft-
ware packages (Visual Basic and Microsoft Excel). Posi-
tion data was downloaded into Visual Basic or
Microsoft Excel where it was diﬀerentiated and plotted
graphically. The start and end positions of saccades
were detected by visual observation employing an ampli-
tude dependent velocity criterion (P 10/s). Saccades
contaminated by blinks were discarded.
Double saccadic pulses (DSP) were only included if
the return movement went back to the steady-state eye
velocity baseline. This was to avoid confusion with dy-
namic overshoots, which can achieve amplitudes of
0.9 (Abadi et al., 2000). Single saccadic pulses (SSP)
were often diﬃcult to distinguish from eye drifts with
corrective saccades or a single nystagmus cycle. To min-
imise this confusion, potential SSP were not included if a
drift occurred prior to the saccadic onset, or if bursts of
SSP occurred, simulating a nystagmus.
A SI direction bias was deﬁned as the side to which
the majority of SI were directed during a 100-second
recording session. A signiﬁcant directional bias was cal-
culated using Z scores.Means were compared using students two-tailed T
test. Z scores were computed to ascertain signiﬁcant dif-
ferences between frequencies and percentages. A Bon-
feronni correction was used where applicable. Single
factor ANOVA was employed for testing variation in
the amplitude and duration of MSWI during diﬀerent
recording sessions. Signiﬁcant diﬀerences between SI
frequencies and SI directional biases on diﬀerent record-
ing sessions were tested using the chi-square test.3. Results
3.1. Saccadic intrusion (SI) metrics of 50 subjects during
binocular ﬁxation
Bilateral, conjugate SI occurred almost exclusively in
the horizontal plane (Fig. 1). Very occasionally oblique
movements were detected. No purely vertical SI were
observed in any of the three subjects that were recorded
with the CHRONOS.
Each one of the 50 subjects displayed SI (Fig. 2).
Four diﬀerent waveform types were identiﬁable: MSWI
(Fig. 2a(i)), BSWI (Fig. 2a(ii)), SSP (Fig. 2b(i)) and DSP
(Fig. 2b(ii)). Of the 50 subjects, 47 exhibited MSWI, 20
BSWI, 11 SSP and 34 DSP (Table 1). Twelve of the 50
subjects (24%) exhibited only one single SI waveform,
the most common being MSWI (Figs. 2a(i) and 3a).
The remaining 38 subjects (72%) displayed combina-
tions of two or more SI types (Fig. 3b).
Three of the SI waveform types (MSWI, BSWI and
DSP) were conﬁrmed to be exclusively saccadic in nat-
ure as their initial and secondary movements had peak
velocity–amplitude relationships which fell on a main se-
quence (Fig. 4). The slope of the function compared
favourably with that found in previously published data
for equivalent sized voluntary saccades from healthy
subjects (Abadi et al., 2000; Ashe, Hain, Zee, & Schatz,
1991; Bahill, Clark, & Stark, 1975). In the case of the
SSP, after the initial saccadic movement, the long time
course and low velocity of the secondary movement
characterised it as being composed of a saccade followed
by a drift.
Fig. 5 illustrates the SI amplitude (Fig. 5a), SI fre-
quency (Fig 5b) and SI duration (Fig. 5c) pooled distri-
butions (n=50), showing ranges of 0.1–4.1, 1.0–54.8
per min and 20–870 ms respectively. The mean SI ampli-
tude was found to be 0.6±0.5. Note that 30 of the sub-
jects (i.e. 60%) exhibited SI frequencies greater than 10
per min (Fig. 5b) and that the mean frequency and
standard deviation for all 50 subjects was 18.0±14.3
per min. The mean SI duration was found to be
225±150 ms (see Table 1). To enable a better compari-
son with previous work, we excluded SI less than 0.5
and calculated mean SI amplitude and frequency as
0.97±0.56 and 7.0±11.4 per min respectively.
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Fig. 1. Simultaneous recordings of eye movements in the horizontal (ﬁrst row) and vertical planes (second row) for a subject, who has monophasic
square wave intrusions (MSWI). The ﬁrst, second and third columns depict position, velocity and acceleration traces respectively. In the upper traces,
upward and downward movements reﬂect rightward and leftward excursions respectively. In the lower trace, upward and downward movements
reﬂect upward and downward excursions respectively. Oblique movements are indicated by the simultaneous horizontal and vertical movements
(arrows). Note the absence of pure vertical MSWI.
(a) Square wave intrusions      (b) Saccadic pulses 
(i) Monophasic square wave intrusion (MSWI)    (i) Single saccadic pulse (SSP)  
 (ii) Biphasic square wave intrusion (BSWI)    (ii) Double saccadic pulse (DSP) 
Fig. 2. The four types of saccadic intrusions (SI). (a) Square wave intrusions: (i) monophasic square wave intrusions (MSWI) and (ii) biphasic square
wave intrusions (BSWI). (b) Saccadic pulses: (i) single saccadic pulses (SSP) and (ii) double saccadic pulses (DSP). Upward deﬂections indicate
rightward eye movement and downward deﬂections indicate leftward eye movement.
2678 R.V. Abadi, E. Gowen / Vision Research 44 (2004) 2675–2690The relationships between the SI amplitude and SI
frequency with subject age are illustrated in Fig. 6a
and b. There was a signiﬁcant positive correlation be-tween SI amplitude and age (r=0.48; p<0.01), but not
between SI frequency and age (r=0.07; p>0.05). When
SI less than 0.5 were omitted from the analysis, there
Table 1
Summary of the saccadic intrusion (SI) metrics for all 50 subjects
All SI combined Saccadic intrusion (SI) type
N=50, S=843 (re-
amplitude), S=599 (re-
duration)
Monophasic square wave
intrusion (MSWI) N=47,
S=454
Biphasic square wave intrusion
(BSWI) N=20, S=59
Single saccadic pulse (SSP)
N=11, S=26
Double saccadic pulse
(DSP) N=34, S=185
Mean±SD Range Mean±SD Range Mean±SD Range Mean±SD Range Mean±SD Range
Amplitude (deg) 0.6±0.5 0.1–4.1 0.7±0.5 0.1–4.1 (i) 0.5±0.2 (i) 0.1–1.1 0.4±0.2 0.1–0.8 0.3±0.4 0.1–4.0
(ii) 1.1±0.6 (ii) 0.4–2.8
(iii) 0.7±0.4 (iii) 0.2–1.9
Duration (ms) 225.2±150.6 20.0–870.0 255.0±147.0 20.0–870.0 (i) 52.0±24.0 (i) 20.0–130.0 317.0±144.0 130.0–680.0 – –
(ii) 124.0±67.0 (ii) 30.0–30.0
Frequency (per min) 18.0±14.3 1.0–54.8 11.5±11.6 1–42.5 1.2±2.5 1–13.2 0.4±1.0 1.0–4.8 5.0±8.7 1.0–50.0
Speciﬁc amplitude, duration and frequency breakdowns are given for each SI type, i.e. MSWI, BSWI, SSP and DSP corresponding to the 47, 20, 11 and 34 subjects who displayed these waveforms.
SI amplitudes include all MSWI, the 3 amplitudes of BSWI and the amplitude of the SSP. SI durations include all MSWI, the 2 durations of BSWI and the duration of the SSP. The three amplitude
ﬁgures for BSWI refer to the ﬁrst, second and third saccades of the BSWI waveform and the two durations refer to the ﬁrst and second durations respectively. Data was collected over 2·50-second
periods when subjects binocularly ﬁxated a stationary target in primary gaze.
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(r=0.23; p>0.05) or between age and SI amplitude
(r=0.00; p>0.05).
For the 39 subjects who had suﬃcient numbers of SI
(i.e. 10 or more over the 100-seconds recording period),
the SI directional bias was calculated. Twenty-one sub-
jects (54%) demonstrated a signiﬁcant rightward bias,
6 subjects (15%) a signiﬁcant leftward bias and 12 sub-
jects (31%) no signiﬁcant bias (p<0.05).
3.1.1. Monophasic square wave intrusions (MSWI)
Forty-seven out of the 50 subjects exhibited MSWI.
The means, standard deviations and ranges for MSWI
amplitude, duration and frequency can be observed in
Table 1. Amplitude distributions for each of the four SI
types are illustrated in Fig. 7a–d. A sizeable data sample
of MSWI duration (n=454) from the subjects, allowed a
best Guassian ﬁt, yielding a mean, median and mode of
255±147, 230 and 161–180 ms, respectively (Fig. 8).
No statistically signiﬁcant correlation was found between
MSWI duration and subject age (r=0.2; p>0.05).
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occur in close bursts of 3 or 4, inter-saccadic intervals
and MSWI durations were found to be similar to other
MSWI in the recording session (Fig. 9).
3.1.2. Biphasic square wave intrusions (BSWI)
A BSWI consists of a saccade directed away from ﬁx-
ation, followed after a short duration by larger oppo-sitely directed saccade which takes the eye beyond the
original baseline (see Fig. 2a(ii)). Thereafter, after a
somewhat longer duration, a saccade returns the eye
back to the original eye position. The second larger
oppositely directed saccade is approximately twice the
amplitude of the initial saccade whilst the ﬁnal return
saccade has an amplitude approximately the same as
the initial primary saccade. Only 20 subjects displayed
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summarises the full means and ranges.
3.1.3. Single saccadic pulse (SSP)
In our original group of 50 subjects SSP (Fig. 2b(ii))
were the least frequently observed SI (Fig. 3) with SSP
found in only 11 subjects. They were the smallest ampli-
tude SI and subjects typically displayed SSP once every
minute. Table 1 summarises the mean and range data
from a sample of 26 measures.3.1.4. Double saccadic pulse (DSP)
A DSP consists of an initial saccade away from ﬁxa-
tion followed immediately by a return saccade back to
ﬁxation (Fig. 2b(ii)). After MSWI, DSP were clearly
the next most prevalent SI, being found in 34 out of
the 50 subjects. Means and ranges are given in Table
1. Note that their frequency was in the order of 1 every
2.5 min. DSP always occurred singly i.e. two or more cy-
cles of DSP were never observed.
3.2. Sample of 11 subjects
In order to further examine SI characteristics, 11 sub-
jects performed additional eye movement recordings
during both binocular and monocular primary ﬁxation. (c) Single Saccadic Pulse (SSP)
12
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Fig. 8. The MSWI duration distribution for 47 subjects.
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Fig. 9. Position (a), velocity (b) and acceleration (c) traces of MSWI for su
regular durations and inter-saccadic intervals. For subject 11, note that the ﬁr
less regular MSWI.
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binocular viewing, MSWI were seen in each one of the
11 subjects whereas DSP were observed in 8 subjects,
BSWI in 7 subjects and SSP in 4 subjects (Table 2). Sub-
jects showed SI types ranging from exclusively MSWI
(subject 8), to predominantly BSWI (subject 1) or DSP
(subject 5) to mixtures of two or more SI types (subject
7). This distribution was similar to that found in the
original sample of 50. Due to the higher prevalence
and frequency of MSWI, additional details of this SI
type for each of the 11 subjects can be found in Table 2.
3.2.1. SI conjugacy
For the majority of the recordings SI were conjugate
with regard to amplitude, frequency, duration and direc-
tion. Very occasionally (6%), a unilateral MSWI would-1
-0.5
0
0.5
1
1.5
2
500 1000 1500 2000 2500
0 2500
20000 2500
A
m
pl
itu
de
 (d
eg
)
-100
-80
-60
-40
-20
0
20
40
60
80
500 1000 1500 200
Ve
lo
ci
ty
 (d
eg
/s
)
Time (ms)
Time (ms)
-6000
-4000
-2000
0
2000
4000
6000
500 1000 150
Time (ms)
A
cc
el
er
at
io
n 
(d
eg
/s
2 )
Subject 11
bjects 10 and 11. In the case of subject 10 note the four MSWI have
st 3 MSWI overshoot the initial ﬁxation levels and are then followed by
Table 2
Characteristics of SI for each of the 11 subjects during binocular and monocular viewing of a stationary target in primary gaze
Subject Viewing
conditions
SI frequency (per min) MSWI BSWI (%) SSP (%) DSP (%)
% Mean
amplitude (deg)
Mean
duration (ms)
Mean
frequency (per min)
Directional
bias (% rightwards)
1 Binocular RE 10.5 37 0.4±0.3 147±56 3.9 54 60 3 0
LE 10.5 37 0.5±0.3 135±50 3.9 54 60 3 0
Monocular RE 9.0 30 0.4±0.2 194±79 2.7 56 57 10 3
LE 9.6 66 0.6±0.3 102±79 6.3 23 19 9 6
2 Binocular RE 8.9 57 0.9±1.2 153±124 5.0 86 16 0 27
LE 8.9 57 0.9±1.0 153±126 5.0 86 16 0 27
Monocular RE 9.8 51 0.6±0.3 134±125 5.0 24 20 2 27
LE 15.1 63.4 0.5±0.3 160±111 9.6 50 25.4 3.2 8
3 Binocular RE 17.6 30 0.3±0.2 196±94 5.2 33 0 9 61
LE 19.2 27 0.4±0.2 199±97 5.2 33 0 17 56
Monocular RE 18 19 0.4±0.1 241±113 3.6 33 2 19 60
LE 13.5 27 0.2±0.1 229±97 3.9 54 0 8 65
4 Binocular RE 14.0 54 0.5±0.1 212±75 8 84 0 3 43
LE 12.8 62.5 0.4±0.2 228±97 8 80 0 0 37.5
Monocular RE 10.4 69 0.4±0.2 201±120 7.2 83 0 2 14
LE 17.2 84 0.4±0.2 188±102 14.4 72 0 2 14
5 Binocular RE 54.8 9 0.6±0.2 190±98 4.8 58 0 0 91
LE 54.8 9 0.5±0.3 188±103 4.8 58 0 0 91
Monocular RE 56.4 11 0.6±0.2 229±149 6.4 69 0 0 89
LE 54.4 15 0.5±0.2 215±100 8.4 62 1 0 84
6 Binocular RE 39.2 81 0.4±0.2 184±102 31.6 82 12 0 7
LE 38.8 80.4 0.4±0.4 178±101 31.2 82 12.4 0 7.2
Monocular RE 43.6 90 0.5±0.3 178±121 39.2 89 9 0 1
LE 38.0 87.4 0.4±0.2 120±63 33.2 83 9.5 1 2.1
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7 Binocular RE 32.8 70 0.4±0.3 205±140 22.8 83 2 16 12
LE 28 76 0.4±0.5 196±147 21.2 82 3 17 4
Monocular RE 36.0 75.5 0.5±0.2 197±68 27.2 97 0 16.6 7.7
LE 23.6 88 0.5±0.2 195±90 20.8 90 2 0 10
8 Binocular RE 22 100 0.5±0.2 300±161 22 87 0 0 0
LE 22 100 0.5±0.2 296±161 22 87 0 0 0
Monocular RE 23.2 98 0.6±0.2 311±184 22.8 88 2 0 0
LE 28.8 99 0.4±0.2 303±148 28.4 83 1 0 0
9 Binocular RE 13.9 41 0.4±0.2 368±203 5.8 84 2 0 57
LE 16.06 36 0.5±0.2 371±204 5.8 84 2 0 62
Monocular RE 22.7 40 0.4±0.2 310±152 12.1 88 1 0 59
LE 20.3 19 0.4±0.3 259±140 8.5 77 0 3 78
10 Binocular RE 54.5 78 1.1±0.4 190±106 42.5 63 10 0 13
LE 55.1 77 0.9±0.4 196±109 42.5 63 10 0 13
Monocular RE 49.1 82 1.0±0.4 231±145 40.1 51 5 0 13
LE 53.9 94.4 1.0±0.4 185±96 50.9 54 0 1.1 4.4
11 Binocular RE 53.9 96 0.9±0.3 185±98 51.5 95 4 0 0
LE 53.9 96 0.7±0.2 182±98 51.5 95 4 0 0
Monocular RE 57.5 100 1.1±0.3 186±103 57.5 89 0 0 0
LE 67.7 97 0.9±1.0 159±97 65.9 95 3 0 0
Recording time was 3·50-second periods.
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type of SI in the other eye (e.g. SSP or DSP). Two sub-
jects only (9, 10) displayed a signiﬁcant diﬀerence in
MSWI amplitude between the two eyes during binocular
recording (p<6) (Table 2).
3.2.2. Binocular versus monocular viewing
SI metrics showed little diﬀerence during binocular
and monocular ﬁxation and no apparent trends. Com-
parisons ofMSWI recorded under binocular and monoc-
ular viewing can be observed in Table 2. This comparison
revealed that two subjects displayed a signiﬁcant diﬀer-
ence in amplitude, four subjects displayed a signiﬁcant
diﬀerence in duration, one subject exhibited a signiﬁcant
diﬀerence in frequency and one subject a signiﬁcant dif-
ference in directional bias between the two conditions.
Diﬀerences in BSWI characteristics between binocular
and monocular viewing were present in one subject only
as a change in direction bias. In regards to DSP, two sub-
jects displayed a signiﬁcant diﬀerence in frequency and
three displayed a signiﬁcant diﬀerence in directional bias.
Limited numbers of SSP made it impossible to attempt
any meaningful statistical analysis on this SI type.
3.2.3. MSWI behaviour
3.2.3.1. MSWI amplitude versus duration. It has been
previously reported that when voluntary saccades are
<7, latencies are rarely less that 135 ms (Biscaldi,
Fischer, & Stuhr, 1996; Weber, Aiple, Fischer, & Lata-
nov, 1992). Accordingly, MSWI duration was compared
to MSWI amplitude. A signiﬁcant negative correlation
(r=0.16; p<8) was found, with MSWI amplitudes
<9 exhibiting durations of well below 100 ms on a num-
ber of occasions.
3.2.3.2. Variability of MSWI. The variability of MSWI
amplitude, frequency and duration during binocular ﬁx-
ation of a stationary target was examined during a sin-
gle, 10-second recording session in four subjects (6, 7,
8, 9). Data were compared over three 5-second periods:
0–5, 5–25 and 25–50 s and during continuous recording
periods of 50 s taken at the start and end of a recording
session. No signiﬁcant diﬀerences were found (p<11).
MSWI variability was also investigated in ﬁve subjects
(4, 6, 7, 8, 10) and DSP variability in one subject (5) dur-
ing a minimum of four recording sessions which took
place on separate days. Single factor ANOVA testing
showed a signiﬁcant diﬀerence (p<12) in amplitude
but no signiﬁcant diﬀerences (p<13) in duration, fre-
quency and directional bias.
3.2.3.3. Dysmetria of MSWI. Fig. 9 illustrates MSWI
from two subjects (10 and 11) during binocular ﬁxation.
After each MSWI, (which incidentally show regular dy-
namic overshoots; see Abadi et al., 2000), there is a per-
iod of rest as the eye velocity returns to a near zero level.MSWI were often seen to either under or overshoot their
original steady state level. Diﬀerences between the initial
starting position of the MSWI and its ﬁnal position, fol-
lowing the return phase of any dynamic overshoot, de-
ﬁne the nature of the dysmetria. In a sample of 149
MSWI collected from each of the 11 subjects, 68% dis-
played an over or undershoot greater than 0.08 (this va-
lue was chosen due to the spatial resolution of the
recording system). This dysmetric behaviour was not fol-
lowed by a corrective movement. Typically, 70% of the
amplitudes of the under/overshoots were less than 0.2,
which approximates to around 1/4 of the overall ampli-
tude of the MSWI. The relationship between under/over-
shoots and MSWI amplitude was examined. Positive
correlations were found for the MSWI undershoot
amplitudes (r=0.57; p<14) and for the MSWI overshoot
amplitudes (r=0.28; p<15). These patterns of behaviour
were not inﬂuenced by the MSWI directional biases
exhibited by each subject.
4. Discussion
The purpose of this study was to examine the preva-
lence and nature of SI in a large random sample of 50
normal observers and to provide additional base line
information for future studies and clinicians.
4.1. SI Prevalence
Each one of the 50 subjects examined in this study
displayed SI, with MSWI occurring in almost all
(n=47; 94%). This contrasts with previous studies that
have suggested far lower MSWI prevalences of 16%
(Herishanu & Sharpe, 1981) or 60% in normal subjects
(Shallo-Hoﬀmann et al., 1989). However, it should be
pointed out that Herishanu and Sharpe (1981) excluded
all MSWI below 0.5 in amplitude, and Shallo-Hoﬀ-
mann et al. (1989) used an eye movement recording sys-
tem, with a resolution of 6 or more times poorer than
that used in the present study. When SI less than 0.5
were excluded from our study, 82% of subjects still dis-
played of SI. Therefore, the lower SI prevalence ob-
served in the above studies is most likely due to the
fact that SI other than MSWI were not included.
Contrary to earlier studies, where DSP have rarely
been reported in normal subjects, we found them to
occur in 34 (68%) of the 50 subjects, thus suggesting that
they are not necessarily associated with pathology. Their
previous low prevalence is most likely to have been due
to their small amplitude (mean 0.3±0.4). This simi-
larly applies to SSP (mean 0.4±0.2). In addition, they
may have also been underestimated because of diﬃcul-
ties diﬀerentiating them from slow drifts interrupted
by reﬁxating saccades. Surprisingly, BSWI had not been
previously reported, yet they were found in 40% of the
population tested here.
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No evidence for isolated vertical SI was found.
Although based on a small sample (3), these subjects
were chosen randomly and this observation agrees with
previous studies that have recorded vertical MSWI only
very occasionally (Ciuﬀreda, Kenyon, & Stark, 1983;
Gottlob, 1994). Furthermore, when a number of our
subjects were examined using an ophthalmoscope or a
fundus camera, SI in the horizontal plane were noted
only. The subjects in the current study produced MSWI
and DSP that could be isolated to the horizontal plane
or accompanied by a vertical component that resulted
in an oblique movement. This suggests that the SI signal
is invariably horizontal but can encode, on rare occa-
sions, vertical movements too. Bahill and Stark (1977)
considered the relative absence of vertical ﬁxation disor-
ders to support the independence of the horizontal and
vertical pathways. Zee and Robinson (1979) suggested
that either the lower gain of the vertical burst cells com-
pared with that of the horizontal ones or that the shorter
time delays in the vertical feed back loop could account
for the greater prevalence of horizontal SI.
4.3. SI amplitude
SI amplitudes were usually less than 0.7 and rarely
exceeded 1.0, except in the case of a speciﬁc square
wave intrusion (MSWI), where upwards of 15% of
MSWI amplitudes reached 2 and above. In the clinical
literature, it has been widely accepted that SI less than 5
in amplitude are unlikely to be associated with pathol-
ogy (Leigh & Zee, 1999). However, we believe that issues
of conjugacy and the plane of the SI are also critical
descriptors of pathology. Thus, multiplanar, disjunctive
SI (and oscillations), irrespective of amplitude size, are
likely to be important indicators of a central nervous
system disorder.
It is unclear whether MSWI amplitudes represent the
intended size of the erroneous eye movement or whether
through some kind of feedback (visual, eﬀerence copy,
parallel processing) the saccade is halted prematurely
before it acquires the intended amplitude. The normal
range of MSWI peak velocities found in the present
study suggests that MSWI are unlikely to be interrupted
saccades, since if a MSWI were indeed interrupted mid-
ﬂight, peak velocities would be expected to be above
those on the main sequence data.
4.4. SI frequency
Although over 60% (31 out of 50) of the normal sub-
jects exhibited SI frequencies up to 20 per min, on occa-
sions MSWI frequencies as high as 50 per min were
recorded. These ﬁndings contrast markedly with previ-
ous studies that suggested subjects with MSWI frequen-cies greater than 9 (Herishanu & Sharpe, 1981), 16
(Shallo-Hoﬀmann et al., 1989) or 15 per min (Shallo-
Hoﬀmann, Sendler, & Mu¨hlendyck, 1990) should be
considered outside the normal range. It should be noted
that Herishanu and Sharpe (1981) sampled only 29 sub-
jects and the latter two studies used a low resolution
recording technique. Crucially, all three studies also ex-
cluded MSWI less than 0.5 in amplitude. When SI be-
low 0.5 were removed from our data, a comparable
frequency mean of 7.0±11.4 per min was obtained.
We therefore propose that the presence of high SI fre-
quencies (when including those below 0.5) should not
automatically be considered abnormal or even sugges-
tive of pathology as has been the case in past studies.
Similarly, their appearance in conjunction with pathol-
ogy should not be deemed to be a result of the disease
process as the SI may well have been present prior to
the recognition of the pathology.
4.5. SI and subject age
In the present study, SI frequency was not correlated
with age (Fig. 6). This was also the case when SI less
than 0.5 in amplitude were omitted from the analysis.
This ﬁnding agrees with Shallo-Hoﬀmann et al. (1990).
Whilst in a previous study (Herishanu & Sharpe, 1981)
which documented an increase in MSWI frequency with
age, only 2 out of 12 of their elderly subjects displayed
MSWI. However, SI amplitude was found to be posi-
tively correlated with age. Neither the Shallo-Hoﬀmann
et al. (1990) nor the Herishanu and Sharpe (1981) stud-
ies explicitly commented on MSWI amplitude, although
amplitude appeared to increase in the investigation by
Shallo-Hoﬀmann et al. (1990). The lack of such an
observation in the past is most probably related to the
size of SI studied as the above mentioned papers did
not include SI less than 0.5. Indeed, when we repeated
the comparison excluding SI less than 0.5 no correla-
tion between SI amplitude and age was found to exit.
4.6. Saccadic oscillations
Certain waveforms observed in the present study are
diﬃcult to classify using current saccadic oscillation
classiﬁcation. Consider the waveform in Fig. 9b; it has
the amplitude characteristics of a MSWI together with
the periodicity and waveform of a macro square wave
oscillation (DellOsso & Daroﬀ, 1999; DellOsso, Troost,
& Daroﬀ, 1975). Although the two have diﬀerent aetiol-
ogies, such examples reﬂect the inﬂuence of similar sacc-
adic circuitry on both physiological and pathological
saccadic oscillations. Indeed, they may represent a brief
period of delay in cerebellar feedback that is required to
halt the saccades (Swartz et al., 2003).
Furthermore, the features characterising the transi-
tion between a SI and a saccadic oscillation are not well
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ered to be a waveform modulation that is either regular
(periodic) or irregular (aperiodic). Thus many of our 50
subjects on this basis would be judged to exhibit an ape-
riodic saccadic oscillation, compared with the sustained
periodic oscillations generally seen in patients with
pathologies (Abel, Traccis, DellOsso, & Troost, 1984;
Sharpe & Fletcher, 1984). A further confounding issue
involves the number of SI per minute required to occur
before being classiﬁed as a saccadic oscillation. Such
decisions may depend on the length of the observation
time or the eye movement recording session. Additional
analyses of the distribution of the number of SI occur-
ring in a given time period and the distribution of time
intervals between events would prove beneﬁcial and
clarify the situation, as should a dynamical systems ap-
proach which would provide a description of the way
the state of the system evolves over time (Abadi et al.,
2003; Clement, Abadi, Broomhead, & Whittle, 2002;
Clement et al., 2002).
4.7. MSWI duration
MSWI duration was seen to vary between 20 and 870
ms, with a mean of 255±147 ms (Fig. 8 and Table 1).
These data agree reasonably well with previous studies
(Herishanu & Sharpe, 1981; Shallo-Hoﬀmann et al.,
1990). Parallel or concurrent processing of saccades,
where the next saccade is programmed during the exe-
cution of the previous saccade could account for the
shorter duration MSWI. Robinson (1975) and Becker
and Ju¨rgens (1979) proposed that saccades are continu-
ally monitored using a copy of the saccade command
(eﬀerence copy). In this way any error can be acted upon
before the saccade commences and ﬁnishes. Parallel
processing can also produce saccadic latencies of be-
tween 0 and 100 ms (McPeek, Skavenski, & Nakayama,
2000) and may explain the short durations (6100 ms) of
a minority (15%) of MSWI and all (100%) of the BSWI,
as well as the lack of any inter-saccadic interval in DSP.
MSWI duration was found to be weakly inversely
proportional to MSWI amplitude. This function may re-
ﬂect a saccadic ‘‘dead zone’’ as when volitional saccades
are less than 0.5 in amplitude they tend to have laten-
cies greater than 135 ms (Biscaldi et al., 1996; Weber
et al., 1992). This has also been shown to be the case
for saccadic latencies following corrective saccades
where the latencies were found to be longer for the smal-
ler amplitude corrective saccades (Kapoula & Robinson,
1986). If MSWI amplitudes less than 0.5 are excluded
from our duration amplitude relationship then the
straight line ﬁt is almost ﬂat (r values change from
0.16 to 0.07).
However, around 10% of MSWI used in the correla-
tion were recorded with amplitudes less than 0.5 and
durations less than 135 ms. Moreover, DSP which havean amplitude range of between 0.1 and 0.4 and a mean
of 0.3±0.4 have zero latency between the initial and
return saccade. These very short durations may, in part,
be due to the involuntary nature of SI and their correc-
tion through a non-visual feedback mechanism. Fur-
thermore, the absence of a novel near-foveal stimulus
prevents stimulation of superior colliculus ﬁxation cell
activity that would normally occur during saccade target
paradigms.
4.8. Dysmetric intrusions
That SI very rarely over or undershoot the initial ﬁx-
ation level by more than 0.2 indicates that the error cor-
recting system, whether implemented by visual, eﬀerence
copy or proprioceptive feedback, is functional. This
emphasises the essential normality of the cerebellar sys-
tem, which is thought to play an important role in feed-
back gain, since it has been regularly reported that
cerebellar damage produces sustained, large amplitude
saccadic intrusions and/or oscillation overshoots (Opti-
can & Robinson, 1980; Selhorst, Stark, Ochs, & Hoyt,
1976a, 1976b). Perhaps occasional periodic bursts of
MSWI, which by-pass the midline, reﬂect brief increases
in feedback delay or gain, that are quickly reset (Section
4.6).
MSWI under/overshooting did not depend on
whether the eye was moving in abduction or adduction
as has been shown to be the case with larger volitional
saccades and may be due to the greater linearity of the
plant during micro-excursions around the primary posi-
tion. In addition MSWI overshoots did not appear more
frequent as predicted by the range eﬀect (Kapoula, 1985;
Kapoula & Robinson, 1986). This could be a conse-
quence of two factors: (1) MSWI are small and involun-
tary, as opposed to the far larger (·4–·8), voluntary
saccades conducted in range eﬀect experiments; (2)
MSWI are directed centripetally towards a central target
as opposed to an eccentric centrifugal target. The fact
that the subject is aware of making saccades to eccentric
targets may require a diﬀerent strategy to involuntary
MSWI, where the subject is generally not aware of the
initial or return movement.
The amplitude of an under/overshoot was positively
correlated with the size of the MSWI. This is consistent
with studies which documented increasing amplitudes of
centripetal or centrifugal over/undershooting with
increasing volitional saccadic size. However, the under-
lying mechanism may be somewhat diﬀerent in the case
of MSWI, where the target is eﬀectively still on the fovea
compared with the larger voluntary saccades where the
target departs from the fovea. It may be that, due to
most MSWI occurring within the foveal area (and the
subject not being aware of them), there is an imprecise
centralising command (‘‘slop in the system’’), which is
all the more apparent with larger MSWI.
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amounts equivalent to the primary saccadic amplitude.
This may be because whilst the initial saccade from the
baseline position is initiated by the same mechanisms
as other SI, the secondary saccade may be implemented
through non-visual feedback mechanisms such as pro-
prioception, parallel processing or eﬀerence copy, requir-
ing a further corrective movement, via the more reliable
visual feedback pathway. However, experimental evi-
dence does not indicate that parallel processing leads to
a reduction in accuracy (Findlay, Brown, & Gilchrist,
2001; McPeek et al., 2000). On the other hand, there
may be a temporal overshooting mismatch between sac-
cade programming and the premature release of omni
pause neurones, triggering a dysmetric re-setting saccade
(Becker & Ju¨rgens, 1979). Such an occurrence would
most likely give rise to peak velocities that do not fall
on the main sequence. Fig. 4 shows this not to be the
case. Future work examining cognitive inﬂuences on SI
may provide an explanation for this SI type.
4.9. Visual consequences of SI
Only one subject out of the 50 (Table 2, subject 10)
experienced occasional oscillopsia when viewing the sta-
tionary target. All other subjects, including those with
high SI frequencies, reported no illusory target motion
during testing or at any time in their daily lives. It should
be recalled that subject 10 exhibited the largest amplitude
MSWI along with one of the highest MSWI frequency,
and thus the highest MSWI intensity and that this com-
bination may have brought about an occasional period
of oscillopsia. Subjects 5, 6, and 11 also had high MSWI
frequencies but experienced no oscillopsia. Interestingly,
Ciuﬀreda et al. (1983) reported large amplitude MSWI
associated with oscillopsia and reading diﬃculties.
MSWI duration does not appear to be a factor, as subject
10 did not have a longer duration in comparison with
other subjects with high MSWI frequencies.5. Conclusions
This study has shown that SI are ubiquitous and
MSWI were the most common SI type. The metrics of
MSWI, BSWI and DSP conﬁrm their saccadic behav-
iour and that, after the initial saccade, SSP have a
non-saccadic slow phase making the overall duration
of SSP 25% or so longer than that found for MSWI.
In spite of the presence of SI, visual acuity is not reduced
and spatial constancy remains intact. Each subject dis-
played an idiosyncratic family of SI that diﬀer from voli-
tional saccades in two ways. Firstly, SI are considerably
smaller, and as such, rarely take the target of interest oﬀ
the fovea. Secondly, a SI is a more spatially and tempo-
rally complex waveform. Recently SI frequency has beenlinked to the experimental viewing conditions and sub-
ject fatigue (Abadi et al., 2000), task demand (Shaﬀer,
Krisky, & Sweeney, 2003) and covert attentional
changes (Hafed & Clark, 2002). This is not surprising
as it has often been demonstrated that eye movements
in general, and ﬁxation control speciﬁcally, are products
of both visual and cognitive inﬂuences (Findlay & Gil-
christ, 2003; Kowler, 1990; Steinman et al., 1973). Fu-
ture studies by our group will therefore investigate
whether cognitive and in particular endogenous factors,
can inﬂuence SI behaviour.Acknowledgments
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